The intestinal flagellates of termites produce cellulases that contribute to cellulose digestion of their host termites. However, 75% of all termite species do not harbour the cellulolytic flagellates; the endogenous cellulase secreted from the midgut tissue has been considered a sole source of cellulases in these termites. Using the xylophagous flagellate-free termites Nasutitermes takasagoensis and Nasutitermes walkeri, we successfully solubilized cellulases present in the hindgut pellets. Zymograms showed that the hindguts of these termites possessed several cellulases and contained up to 59% cellulase activity against crystalline cellulose when compared with the midgut. Antibiotic treatment administered to N. takasagoensis significantly reduced cellulase activity in the hindgut, suggesting that these cellulases were produced by symbiotic bacteria.
INTRODUCTION
Most animals cannot use cellulose because they do not have cellulolytic enzymes. By contrast, termites can efficiently hydrolyse cellulose with the aid of intestinal microbiota (Breznak & Brune 1994) . Both the termites and their symbiotic flagellates can produce cellulases (Ohtoko et al. 2000; Watanabe & Tokuda 2001; Nakashima et al. 2002; Watanabe et al. 2002; Inoue et al. 2005) . However, 75% of all termite species do not harbour cellulolytic flagellates in their alimentary canals. Despite many attempts to isolate cellulolytic bacteria from termites by the early 1980s, no convincing evidence of bacterial cellulose digestion in termites was provided (O'Brien & Slaytor 1982) . Later, bacterial cellulase production in the flagellate-free termites Nasutitermes exitiosus and Nasutitermes walkeri was excluded by demonstrating that cellulase was released from the hindgut neither by sonication nor lytic treatment of bacteria (Hogan et al. 1988) . Since these termites have strong cellulase activity in the midgut (Hogan et al. 1988) , it is believed that they rely solely upon their own cellulases (Slaytor 1992 (Slaytor , 2000 . Indeed, recent molecular evidence has revealed that nasute termites secrete cellulase in the midgut (Tokuda et al. 1999 (Tokuda et al. , 2004 , whereas symbiotic bacteria in termites are generally assumed not to participate in cellulose degradation (Brune & Stingl 2005) .
However, we previously revealed that cellulase activities in the guts of flagellate-free termites were considerably lower than those of flagellate-harbouring termites (Tokuda et al. 2004 (Tokuda et al. , 2005 . In addition, significant cellulase activity remained in the precipitate of the hindgut homogenate of Nasutitermes takasagoensis (Tokuda et al. 2005 ). Thus, it is possible that xylophagous flagellate-free termites depend not only on their own, but also on bacterial enzymes for cellulose digestion. In the present study, we show that the hindguts of xylophagous flagellate-free termites possess cellulases that are likely to be derived from the symbiotic bacteria.
MATERIAL AND METHODS
The detailed descriptions are provided in the electronic supplementary material. (a) Termites Nasutitermes takasagoensis termites were collected and maintained as described previously ( Tokuda et al. 1997) . Nasutitermes walkeri termites were kindly provided by Dr Nathan Lo at the University of Sydney. Mature worker-caste termites were used unless otherwise indicated.
(b) Preparation of crude and pellet extracts Five midguts or the enlarged part (P2-P5; Bignell 1994) of five hindguts (hereafter called 'the hindgut') were collected in 100 ml of proteinase inhibitor solution (Complete Mini EDTA-free; Roche). Each sample was sonicated and then centrifuged. Supernatants recovered are referred to as crude extracts. Each pellet was suspended with the same solution and centrifuged, which was repeated thrice. Then, the pellet was suspended with 100 ml of detergent reagent (CelLytic B; Sigma-Aldrich) and vortexed vigorously. The suspensions were incubated on ice for 10 min and centrifuged. The supernatants are referred to as pellet extracts.
(c) Detection of cellulase activity on SDS-and nativepolyacrylamide gel electrophoresis gels Zymograms were analysed as previously described ( Tokuda et al. 1999) with slight modifications using SDS-and native-polyacrylamide gel electrophoresis ( PAGE ) gels. See electronic supplementary material for more details.
(d) Crystalline cellulose degrading activity Crude or pellet extract was incubated with 200 ml of 2% microcrystalline cellulose (Sigmacell Type 20; Sigma-Aldrich) in McIlvaine's buffer (pH 5.8 and 6.5 for the midgut and the hindgut extracts, respectively) at 378C for 1 h with intensive shaking (1200 oscillations per minute). Reducing sugars released into the supernatant were measured as previously described ( Tokuda et al. 2005) .
(e) Antibiotic treatment Termites (six workers plus one soldier) were placed in a Petri dish containing a filter paper soaked in 1 ml of either 5.4 mM ampicillin or sterilized distilled water. Five replicates of each plate were prepared and the filter papers were replaced every 2 days. After one week, the termites were dissected and cellulase activity was measured as described earlier.
RESULTS
Although we have previously shown that the pellet of hindgut homogenates of N. takasagoensis contains cellulase activity (Tokuda et al. 2005) , this activity was not solubilized by suspending the pellet with water or buffer. Thus, we used a detergent reagent, CelLytic B, which is often used for solubilization of recombinant proteins produced by bacteria without denaturing (Ni et al. 2005; Strauss et al. 2005) . Figure 1a shows zymograms of crude and pellet extracts of the midgut and the hindgut in N. takasagoensis and N. walkeri. In both SDS-and native-PAGE, the midgut crude and pellet extracts revealed one major band of cellulase activity; the hindgut crude extract also showed one or two bands. In contrast, several bands of cellulase activity were observed in pellet extracts of the hindgut on zymograms of SDS-PAGE. These bands were diverse in size, which was different from the midgut cellulase. The mobility of these bands was changed in native-PAGE and the cellulase activities were detected nearer to the origin than the zymograms on SDS-PAGE ( figure 1a) .
Since the midgut of these termites abundantly produces a cellulase termed endo-b-1,4-glucanase (EC 3.2.1.4) (Hogan et al. 1988; Tokuda et al. 1997 Tokuda et al. , 1999 , which preferentially attacks amorphous regions of native cellulose (Lynd et al. 2002) , it is likely that cellulosic food particles reaching the hindgut primarily comprise non-amorphous crystalline regions. Thus, we measured cellulase activity using crystalline cellulose as substrate. When compared with the midgut, the hindguts of N. takasagoensis and N. walkeri retained 59 and 45% of cellulase activities against crystalline cellulose, respectively (figure 1b; see table S1 in the electronic supplementary material for more details).
Since hindgut of these termites contains numerous prokaryotes , we tested how antibiotics affect cellulase activities against crystalline cellulose. The termites had fed on ampicillin-or watersoaked filter paper for one week. Unfortunately, most individuals of N. walkeri died before the end of the experiment. Cellulase activity in the midgut of N. takasagoensis was not decreased by the antibiotic treatment ( figure 2a,b) . When compared with the termites before starting the experiments, cellulase activity in the hindgut crude extract was significantly reduced in termites which fed on ampicillin (figure 2c). However, in this case, no significant difference was observed between ampicillin and distilled water treatments (figure 2c). In contrast, the experiments of the Hidden cellulases in termites G. Tokuda & H. Watanabe 337 hindgut pellet extract resulted in the significant reduction in cellulase activity only in termites which fed on ampicillin (figure 2d ).
DISCUSSION
Based on the zymogram of the SDS-PAGE gel, the hindgut cellulolytic systems in both the species of termites comprise several cellulase components varying in size. The band patterns of the hindgut cellulases differed between N. takasagoensis and N. walkeri, suggesting that the origins of the enzymes were different or that cellulase components in the hindguts were variable in response to food available from their environments. Based on mobility of hindgut cellulases observed with the native-PAGE, these cellulases may form large clusters or enzymatic complexes when working in vivo. The current result suggests that, at least, the hindgut cellulolytic system is quite different from that of the midgut, where only one type of endo-b-1,4-glucanase plays a role in cellulose hydrolysis (Tokuda et al. 1997 (Tokuda et al. , 1999 . The hindgut contained up to 59% of cellulase activity when compared with the midgut. Although the midgut is considered as the primary site of cellulose digestion in these termites, the contribution of the hindgut cellulases to cellulose digestion is not negligible. Since the geographically isolated termites showed apparent cellulase activities in the hindgut, the contribution of the hindgut cellulases could be the common phenomenon among termites of the subfamily Nasutitermitinae.
Antibiotic treatment that reduced cellulase activity in the hindgut pellet extract of N. takasagoensis implies a bacterial origin of the hindgut cellulases. However, the significant reduction in cellulase activity in the hindgut crude extract observed in termites treated both with ampicillin and distilled water may be due to adsorption of the cellulases onto the filter paper that consisted of pure cellulose.
Our previous study proposed a possible involvement of cellulosomes in cellulose digestion of N. takasagoensis (Tokuda et al. 2005) . Cellulosomes are cellulolytic enzyme complexes that adhere to the cell wall, mainly found in bacteria such as clostridia (Demain et al. 2005) . The present study also supports this idea, although further investigations are needed to confirm the presence of such enzymatic structures.
The present study indicates that N. takasagoensis and N. walkeri have cellulases in the hindguts, which could be derived from symbiotic bacteria. Flagellatefree termites are diverse in feeding habits in response to their ecology ( Waller & La Fage 1987) . It is fascinating to apply our simple method for the solubilization of hindgut cellulases to explore not only cellulases, but also other enzymes hidden in the gut of such termites. Solubilization of precipitated proteins allows various analyses such as purification, characterization and determination of amino acid compositions of hidden digestive enzymes. Therefore, the present study is a vital stepping-stone to elucidate the real features of the diverse digestive systems in termites.
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